ABSTRACT-Life-threatening fungal infections have increased dramatically in recent decades in immunocompromised patients. An estimated 40% of all deaths from hospital-acquired infections are due to infections caused by opportunistic fungi. The current treatment options are either causing serious toxicity, or becoming inactive against the drugresistant fungal strains. Thus, the discovery and development of new antifungal agents that are economically feasible, have excellent therapeutic value, and address the problems of toxicity and species resistance is very important. We have recently designed and synthesized a series of chlorogenic acid-based peptidimimetics using structure-based methodology starting with cyclic peptides of the candin class of antifungals. These novel and totally synthetic compounds exhibit promising antifungal activity against pathogenic fungi with very low toxicity against brine shrimps. The possible novelty in their mechanism of action and economically feasible synthetic approach are the attractive features of this class of compounds that make them different from the already utilized antifungal agents.
INTRODUCTION
Life-threatening fungal infections have increased dramatically in recent decades in immunocompromised patients such as those undergoing cancer chemotherapy, organ transplant, and patients with AIDS (1) (2) (3) (4) . Candida spp.
(including albicans and non-albicans) have been the major opportunistic pathogens (2, 5, 6) . Aspergillus fumigatus (the causative pathogen in invasive pulmonary aspergillosis) is the leading factor of mortality in bone-marrow transplant recipients (7), while HIV-infected patients are particularly susceptible to mucosal candidiasis, cryptococcal meningitis, disseminated histoplasmosis, coccidioidomycosis, and Pneumocystis carinii pneumonia (8) (9) (10) .
Treatment of systemic and invasive fungal infections is a major challenge in immunocompromised patients. Amphotericin B is still the gold standard for the treatment of most severe invasive fungal infections. However, it exhibits acute and chronic side effects, which may be reduced by newer formulations within liposomes (11) , lipid complexes (12) , and colloidal dispersions (13, 14) . Azole antifungals including fluconazole, itraconazole, and the recently introduced posaconazole, are totally synthetic compounds with broad fungistatic activity against most yeasts and filamentous fungi. Despite being free of serious toxicity, they may produce endocrine-related side effects such as depletion of testosterone and glucocorticoids, resulting in gynecomastia and adrenal insufficiency (15, 16) . Another major limitation in the application of azoles, especially fluconazole, is the emergence of resistant fungal strains including Candida spp. (albicans and nonalbicans) (17, 18) , and Cryptococcus neoformans (19) .
Since late 1970, inhibitors of 1,3-β-glucan synthase, the enzyme involved in the formation of 1,3-β-glucan, one of the main components of the fungal cell wall, have gained worldwide popularity as potential drugs for the treatment of systemic and invasive mycoses. These compounds, which are mainly natural products or their semisynthetic analogues, have been classified as lipopolysaccharides, such as papulacandins, lipoproteins, such as echinocandins (20) , and acidic terpenoids such as enfumafungin (21) .
Papulacandins are no longer being utilized as antifungal agents since their antifungal activity is limited to Candida species and, most importantly, their in vitro activity does not translate to in vivo activity (22) . Echinocandins on the other hand exhibit strong fungicidal activity in both in vitro and in vivo animal models (23, 24) . Echinocandins have been chemically modified to produce semisynthetic analogues with improved pharmacological properties. Among the structurally modified compounds in cyclic hexapeptide series, two semisynthetic derivatives, LY-303,366 (anidulafungin) of echinocandin B class (25, 26) and L-733,560 of pneumocandin B 0 class (27, 28) (29) (30) (31) . The structures of the above 1,3-β-glucan synthase inhibitors are illustrated in Figure-1 .
Considering the mode of action, pharmacological, and toxicological profiles of the above classes of compounds (amphotericin B, disruption of fungal cell wall function; azoles, inhibition of fungal cell-membrane formation via inhibition of CYP 450 -dependent lanosterol 14-α-demethylase; and candin class of compounds, inhibition of fungal cell wall formation via inhibition of 1,3-β-glucan synthase), the candin class of antifungals exhibit the most promising target selectivity, as 1,3-β-glucan is only found in fungi not in mammalian cells. This imminently results in less physiologically toxic effects, as compared to the other two classes. Moreover, the semi-synthetically modified candins have rarely shown fungal resistance selection and are freely water soluble, the properties which are attractive for any clinically utilized antifungal drug. Despite the advantages in hand, the candin class of compounds has its own limitations as well. Firstly, due to their semi-synthetic nature, they are costly (29) . Secondly, none of these compounds exhibit activity against Cryptococcus neoformans which is the causative agent for cryptococcal meningitis in AIDS patients, and is the major cause of opportunistic fungal mortality in these patients (23, 24) . This difference is due to selectivity of candin class of compounds against 1,3-β-glucan synthase which does not exist in C. neoformans, as the glucan structure of this fungus consists of 1,6-β-glucan rather than 1,3-β-glucan, and is formed by the catalytic action of 1,6-β-glucan synthase (22, 32) . Finally, these compounds are only available as injectable forms due to their poor oral bioavailability. Considering the advantages and limitations of candin class of compounds, our group attempted the design and synthesis of peptidomimetic analogues of echinocandin B using structure-based methodology and HyperChem TM program.
RATIONALE
The enzyme 1,3-β-glucan synthase has at least two functional components: a catalytic component, which acts on UDP-glucose substrate, and a regulatory component, which binds to GTP (33, 34) . Considering the possible interaction of echinocandins (hexapeptides with symmetric structures consisting dipeptidic backbones of hydroxyproline-threonine at their south-eastern and north-western parts of the molecule) with the catalytic component of the enzyme and, as a result, inhibition of enzymatic activity, we attempted to design linear as well as cyclic peptidomimetic molecules that would possibly mimic the dipeptidic backbone of echinocandins. Using HyperChem TM program, we designed and synthesized representative compounds I and II (linear) and III and IV (cyclic) peptidomimetics and evaluated them for antifungal activity (Figures 2 and 3a,b ) (35) .
The cell-based antifungal activity and 1,3-β-glucan inhibitory evaluations of these new peptidomimetics revealed that none of these compounds were active. These results were in agreement with the general structural requirement for the enzyme inhibitory/antifungal activity of echinocandin class of compounds as described by Zambias et. al., and Taft et. al. (36, 37) . Namely, the echinocandin lipophilic side chain at the northern part of the structure, and the homotyrosine moiety at the southern part, alongside the dipeptidic hydroxyproline-threonine, are the essential groups for the activity of echinocandin series. Also the orientation of homotyrosine ring with respect to the lipophilic side chain may be the determining factor for the antifungal activity of this class of compounds (Figure 4) .
Chlorogenic acid is a natural product existing widely in many vegetables and plants. Structurally, it is a caffeoyl ester of quinic acid ( Figure 5 ). Derivatives of chlorogenic acid have been reported to have interesting bioactivity such as inhibitory activity on HIV integrase (38) and protease (39) . Chlorogenic acid can be considered a bioisostere of homotyrosine-hydroxyproline / theronine component located at the southern and south-eastern parts of echinocandin B.
Based on the above documentations and considering bioisosterism, a molecule such as chlorogenic acid would be an ideal bioiososteric replacement for the homo-tyrosine-hydroxyproline / threonine (southern and south-eastern parts of echinocandin B) when coupled with a lipophilic side chain, which may result in formation of a series of novel and potential bioactive antifungal molecules.
Considering the above facts, we hypothesized that the coupling of chlorogenic acid with appropriate lipophilic groups should result in compounds that are able to mimic the structural feature of homotyrosine-hydroxyproline/theroninelipophilic moieties, required for 1,3-β-glucan synthase inhibitory/antifungal activity of echinocandin class of compounds. In order to prove this hypothesis, 3-dimensional models of the energetically/stereochemically minimized echinocandin B, chlorogenic acid, and chlorogenic acid coupled with octyloxyaniline were established using HyperChem TM software. The 3 -points overlay of chlorogenic acid/echinocandin ( Figure 6 ) and chlorogenic acid -coupled -octyloxyanilide / echinocandin ( Figure 7) were determined.
Indeed, the overlay matching of chlorogenic acid and its octyloxyanilide with echinocandin derivative was confirmed, as shown in Figures 6 and 7 , which led us to design and synthesize different chlorogenic acid-based peptidomimetics with potential antifungal properties that are structurally novel. 
OH ----------------------------------------------------------------------------------------------------------------------------------

CHEMISTRY AND STRUCTURE-ACTIVITY RELATIONSHIPS
The synthesis of these chlorogenic acid derivatives was reported previously (40) and is depicted in Scheme 1. Namely, the diacetonide derivative of chlorogenic acid was condensed with 4-(octyloxy)aniline to obtain the corresponding amide intermediate which upon deprotection yielded compound 1. Both compound 1 and its diacetonide analogue showed reasonable antifungal activity. To investigate the influence of physicochemical properties on antifungal activity, selected amino acids were introduced into the structures. For the synthesis of these compounds, protected amino acid derivatives were condensed with 4 -(octyloxy) aniline to obtain the corresponding protected amides with a lipophilic side-chain (2) . Deprotection of these compounds under NHEt 2 followed by their reaction with the acetonide of chlorogenic acid afforded the corresponding protected amides (3). Acid hydrolyses of these protected acetonides under controlled condition resulted in the formation of the corresponding amine-protected derivatives, which upon further deprotection using 90% TFA yielded the desired peptidomimetics of chlorogenic acid (4) .
To further investigate the SAR among this class of compounds, the corresponding dihydro derivatives (5) and monohydroxyphenyls (6) were also synthesized and tested for antifungal activity and toxicity (M. Daneshtalab, unpublished data).
The synthesized compounds were evaluated for in vitro antifungal activity against Candida albicans ATCC90028, Cryptococcus neoformans ATCC32045 and Aspergillus fumigatus ATCC13073, and toxicity using "brine-shrimp lethality assay, " and the results were reported previously (40) . Overall, chlorogenic acid derivatives (3 and 4) exhibited better antifungal activity or less toxicity than those of chlorogenic acid analogues (5 and 6). This suggests that the structural modification on the caffeoyl group, such as saturating the double bond or reducing the number of hydroxyl groups results in reduction of antifungal activity. Significant antifungal activity was observed in most of the chlorogenic acid derivatives (3 and 4) . The MIC on Cryptococcus neoformans of nearly all these chlorogenic acid derivatives were as low as 1-4 µg/ml, except the compound possessing a free carboxylic acid group in its structure which had MIC of 16 μg/ml. It has been reported that incorporation of an amino group, such as aminoproline residue, into the ring of echinocadin analogues leads to improvement of antifungal potency (41) . Similar effects were observed in the chlorogenic acid derivatives that are reported here. Namely, compound 4d with a free amino group in its structure showed good activity against all the fungi tested, including A. Fumigatus (MIC of 16 μg/ml). The MIC of the chlorogenic acid derivatives against C. Albicans varied from 2 to >64 µg/ml. All the acetonide compounds showed weaker inhibitory activity against C. Albicans than the corresponding compounds with free hydroxyl groups, suggesting that the two hydroxyl groups in the quinic acid part are essential for the activity.
The general toxicity of these compounds was assessed using brine shrimp lethality assay according to the reported method (42) and is reported in detail in our previous paper (40) . Most of the synthesized compounds exhibited moderate to very low toxicity against brine shrimp.
Based on the selective activity of these compounds against Cryptococcus neoformans, weak activity against Candida albicans, and very weak or no activity against Aspergillus fumigatus, we hypothesize that these compounds may have selective inhibitory activity against 1,6-β-glucan synthase (which is mainly found in C. neoformans and partially in Candida species). Other possible mechanism is increasing the permeability of fungal cell wall via mimicking the action of bactericidal/permeability-increasing protein, a mechanism that has been reported for antifungal activity of some peptides that are structurally related to chlorogenic acid (43) .
CONCLUSION
A systematic structural modification of the cyclic peptides of candin class of antifunfgals resulted in identification of a novel class of small molecule chlorogenic acid-based peptidomimetics with impressive antifungal/toxicity profile and short synthetic steps. Based on the in vitro activity / toxicity profile, compound 4a has been selected as the lead compound for further structural modifications. We expect that a sequential structural modification on compound 4d through changing the amino acid components that are coupled with the quinic acid part of chlorogenic acid, the lipophilic side chain (octyloxyaniline), and the quinic acid moiety may lead to discovery of a preclinical lead compound with optimum activity/toxicity profile. The results obtained in our preliminary investigation on this novel class of compounds strongly confirm their potential as new leads for the discovery and development of novel mechanismbased antifungal agents.
